Many prey species induce defences in direct response to predation cues. However, prey defences could also be enhanced by predators indirectly via mechanisms that increase resource availability to prey, e.g. trophic cascades. We evaluated the relative impacts of these direct and indirect effects on the mechanical strength of the New Zealand sea urchin Evechinus chloroticus. We measured crush-resistance of sea urchin tests (skeletons) in (i) two marine reserves, where predators of sea urchins are relatively common and have initiated a trophic cascade resulting in abundant food for surviving urchins in the form of kelp, and (ii) two adjacent fished areas where predators and kelps are rare. Sea urchins inhabiting protected rocky reefs with abundant predators and food had more crush-resistant tests than individuals on nearby fished reefs where predators and food were relatively rare. A sixmonth long mesocosm experiment showed that while both food supply and predator cues increased crush-resistance, the positive effect of food supply on crush-resistance was greater. Our results demonstrate a novel mechanism whereby a putative morphological defence in a prey species is indirectly strengthened by predators via cascading predator effects on resource availability. This potentially represents an important mechanism that promotes prey persistence in the presence of predators.
Introduction
Many organisms actively induce morphological defences in response to predators [1] . Such morphological changes are widely considered to be a direct response to the detection of mechanical, tactile, visual or chemical cues from predators. However, it has been suggested that in many cases induced defences occur as a passive by-product of changes in prey behaviour or resource availability, rather than being a direct morphological response to predation cues [2] . Given that predators can strongly influence prey behaviour [3] , and also alter resource availability to prey through trophic cascades [4] , there is plenty of scope for morphological defences in prey to be induced by predators via indirect mechanisms.
Sea urchins are important herbivores in many shallow benthic habitats [5] and are often implicated in trophic cascades [6] . They are encased in a test (skeleton) that is porous, but remarkably strong [7] , and confers at least some protection against predators that crush their prey [8] . Calcite spines project from the test surface, helping to repel predators [9] , spread impact loads [10] and capture food [11] . These features are highly plastic and can differ morphologically depending on variation in abiotic factors such as water motion [12] , or biotic factors such as food availability [13, 14] and predation cues [15] . Predators can induce morphological defences in sea urchins via unsuccessful attacks or chemical cues released by predators or injured prey. For example, waterborne cues from predatory crabs induce thicker tests in Strongylocentrotus droebachiensis [15] . Within a marine reserve in northern New Zealand, where predators were abundant, Cole & Keuskamp [16] found that sea urchins had heavier tests than in adjacent fished areas, where predators were rare. While they did not test the mechanism responsible they suggested that this was either due to increased calcification in response to sublethal attacks by predators or selective predation on sea urchins with thin tests.
Predators also have the potential to induce these defensive features in sea urchins indirectly through their effects on sea urchin behaviour [17] and cascading impacts on the availability of kelp, a major food for many sea urchins [18] . When predators are rare (often due to overfishing), sea urchins can reach high densities and create 'urchin barrens', in which kelp and other food is scarce [19] . Starving sea urchins invest in their feeding apparatus at the expense of other body parts, including the test [20, 21] . Some sea urchins even shrink when food-limited, as they reallocate calcite from the test to their jaws [22] . When predators are sufficiently large and abundant they initiate a trophic cascade, whereby sea urchins are either eaten or restricted to crevices where they eat little living kelp, allowing the kelp to recover [23] . In food-rich habitats sea urchins tend to have thicker tests [24, 25] , which potentially help the urchins persist in the face of strong predator pressure. It is therefore possible that sea urchins may develop thicker tests as an indirect response to predators mediated through a trophic cascade that increases food availability to sea urchins.
Our study aimed to examine the relative importance of predator cues and food availability on the development of putative morphological defences in sea urchins. We compared morphological attributes of sea urchins inside and outside two well-established marine reserves in north-eastern New Zealand. Previous research has demonstrated that sea urchin predators are larger and more abundant in these reserves compared to adjacent fished areas, and this results in lower sea urchin and increased kelp densities via a trophic cascade [23, 26] . This therefore provides a large-scale experimental framework to investigate the effects of predators on sea urchin morphology. To determine whether differences in morphological defences observed between reserve and fished areas were a direct response to the presence of predation cues or an indirect response to food availability a six-month long mesocosm experiment, where sea urchins were subjected to different levels of predation cues and food availability, was carried out.
Material and methods (a) Morphological variation in sea urchins
Morphological attributes of the endemic sea urchin Evechinus chloroticus were quantified in two marine reserves in north-eastern New Zealand, and in adjacent fished areas with similar topographies and exposures to wave action ( [27] ; see electronic supplementary material, figure S1 for locations). The Cape Rodney-Okakari Point or Leigh Marine Reserve, established in 1975, is 549 ha, while the Tawharanui Marine Reserve, established in 1982, is 350 ha. All marine life is fully protected inside these reserves and abundances of the key sea urchin predators snapper Pagrus auratus and red rock lobster Jasus edwardsii are considerably higher than on adjacent reefs [27] where they are harvested commercially and recreationally. Evechinus chloroticus is lightly harvested from the shallow subtidal reefs recreationally. Dense forests of kelp Ecklonia radiata occur inside both marine reserves at depths of 4-6 m, while similar depths on fished reefs are virtually devoid of Ecklonia radiata and are characterized by urchin barrens [17, 28] . The lower abundances of sea urchins and higher abundances of kelp inside these marine reserves relative to adjacent fished areas has been attributed to the cascading effects of predatory fish and lobsters [23, 26] .
During June and July 2013 Evechinus chloroticus of a range of sizes were collected (n ¼ 20) from 4 -6 m depth at four sites inside and outside each of the Leigh and Tawharanui marine reserves (see electronic supplementary material, figure S1 ). Collection of sea urchins from marine reserves was permitted by the New Zealand Department of Conservation, under research grant 4560. All Evechinus chloroticus were held in flow-through seawater tanks at the University of Auckland's Leigh Marine Laboratory for a maximum of 18 h before processing. Test diameter was measured using callipers (+1 mm). Four primary spines were removed from the equator of the test and their lengths measured (+0.1 mm). Each sea urchin was placed on a device designed to test crush-resistance, a measure of strength considered relevant to predation by snapper, which take an entire sea urchin in their mouth and bite down until the test is crushed (N.T.S. 2004, personal observation). The device consisted of an analogue set of scales, calibrated using a known weight, sitting underneath a bracket with a metal shaft and foot (maximum surface contact area 30 cm 2 ) (electronic supplementary material, figure S2 ). The shaft was wound down onto the aboral surface of a sea urchin at a constant speed until the test cracked, evident by a loud pop and sudden release in pressure. A slider indicated the load (+1.0 kg) required to crack the test. Spines absorb the impact of static loading [10] and also caused the foot to slip from the centre of the aboral surface, resulting in pressure being applied heavily to one side of the sea urchin only. To counter this, all spines on the aboral surface were trimmed back to the test using scissors before crushing. The thickness of the cracked test was taken as the average of four measurements made at randomly chosen points using callipers (+0.1 mm).
(b) Induction of putative defences
To determine whether food availability and/or predation cues were responsible for the morphological variation observed in the field survey, a mesocosm experiment was run using juvenile Evechinus chloroticus over six months from June to December 2013. In May 2013 juvenile sea urchins (less than 40 mm test diameter) were collected from a fished reef (Nordic Reef, electronic supplementary material, figure S1, 36817 0 35.19 00 S, 174848 0 35.54 00 E) and transported back to the Leigh Marine Laboratory fully submerged. We used juvenile urchins collected from urchin barren habitat at a fished reef, as individuals from a marine reserve could have already developed crush-resistance due to prior exposure to predation cues or enhanced food. Juvenile sea urchins were held in a flow-through 1500-l tank with small cobbles covered in crustose coralline algae on the bottom of the tank. This replicated an urchin barren habitat where urchins have limited access to food but can survive by grazing coralline algae and microalgae growing on the rocky substratum. Urchins were held in this tank for four weeks, without any additional feeding, so that they all started the experiment at a similar level of hunger.
The sea urchins used for the experiment (n ¼ 256) had initial test diameters of 16-29 mm (+1 mm). Individuals were ordered by size, and starting with the smallest, a single individual was added to each of 32 replicate buckets, then another individual to each of the 32 buckets, until each bucket contained eight individuals. The individual tanks were 10-l buckets, each containing a small coralline algae-covered rock to provide habitat for the juvenile urchins. The predation cue used in this experiment was a crushed conspecific, which elicits a strong behavioural response in E. chloroticus [17] and in other sea urchin species [29] [30] [31] [32] . To stop the sea urchins climbing up the sides of the bucket, while allowing for the addition of predation cues, a clear plastic lid with holes drilled in it was positioned 95 mm from the bottom of each bucket. Seawater was supplied via a 10-mm pipe passing through the lid. A short length of narrow tubing connected to the side of the pipe just above the lid drew water containing the predation cue down into the bucket via the venturi effect. The experiment was run in outdoor tanks in a continuous flow seawater system and under 80% shade cloth to mimic natural light levels in the field.
rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171440 Sea urchins were subjected to two treatments (food and predation cue), each with two levels in a fully-crossed design. Each group had eight replicate buckets with eight sea urchins in each. The 'food' treatment had two levels which aimed to represent the different food availability between a kelp forest ('þfood'), where drift kelp is readily available, and an urchin barren ('2food'), where kelp is absent but may occasionally occur as drift. In both cases sea urchins also had access to crustose coralline algae and microalgae on the small rock in each bucket. Juvenile sea urchins in the 'þfood' treatment were given one blade of fresh Ecklonia radiata weekly, while those in the '2food' treatment were given one blade per month. Uneaten kelp fragments remaining in containers at the next feeding date were left there to be eaten. We noted that there was rarely any uneaten kelp remaining in the 'low-food' replicates, and while there was some uneaten kelp in about half the 'high food' replicates it did not accumulate over time (A.J.P.S. 2013, personal observation). Since the experiment ran for six months, we consider that uneaten food at the end of the experiment was a negligible proportion of the total amount provided, so it was reasonable to assume that individuals in the high-food replicates ate approximately four times more food than those in the low-food replicates (ignoring the unquantifiable amount of food the urchins may have obtained from algae growing on the small rocks that were provided for shelter in each container). Each E. radiata blade was ca 200 Â 40 mm and had a blotted mass of ca 4.3 g, so each of the eight individual urchins per replicate was provided with 0.08 g kelp d 21 in the 'þfood' treatment and 0.02 g kelp d 21 in the '2food' treatment. In a pilot feeding assay, run for 4 days during the previous summer when seawater temperatures were about 208C, 20-mm urchins ate an average of 0.07 g kelp d 21 and 30-mm urchins ate 0.15 g kelp d 21 when provided with surplus kelp. These feeding rates would likely have been lower over the course of our experiment because water temperatures were lower than they were in the feeding assay (down to 148C), so we consider that the urchins in the 'þfood' treatment received adequate food.
For the predation cue treatment, a large E. chloroticus was cracked in half, and one half was placed on the lid of a bucket ('þpredation cue'). This was done twice a week with the cracked half remaining until being replaced by a new one. Control buckets were not subjected to crushed conspecifics ('2predation cue'). We assumed that E. chloroticus would detect the crushed conspecifics given the strong behavioural response to the same cue in a previous mesocosm experiment that used much larger tanks (1500 l versus 10 l in the present experiment), where the cue would have been far more dilute [17] .
At the completion of the experiment sea urchins were processed to obtain size, test thickness, resistance to crushing and spine length, using the same methods described above except that a finer-scale crushing device was employed due to the small size of the sea urchins. This was a hollow piston (weighing 2.2 kg) that could be filled with water. Water was slowly added until the sea urchin, placed directly underneath the piston foot, was crushed. The water was weighed to gain the total (including the piston weight) crush-resistance (+0.1 kg). The largest individuals required one or two 1-kg lead weights to be added to the piston prior to crushing, as not enough water could be held inside the piston. Table 1 . Model-averaged coefficients for linear mixed models of the effect of Reserve (yes or no), Location (Leigh or Tawharanui) and test diameter on crushresistance, test thickness and spine length in the sea urchin Evechinus chloroticus. Coefficients are averaged by model weight across the best-supported models, i.e. within AICc , 2 of the best model. 'RVI' is the relative variable importance scores, and 'N' indicates the number of best-supported models in which the term was included. Note that terms that were not included in the best supported models are not shown. An environmental scanning electron microscope (eSEM) was used to examine differences in the microstructure of the sea urchin test between treatments. The five largest sea urchins (approx. 30 mm) were selected from each of the four treatment groups. These were dried for 48 h at a constant temperature of 608C, then soaked for approximately 48 h in NaOH to remove any organic material [33] . Sea urchins were soaked in a 3 M NaOH solution for 18 h, removed then re-soaked in weaker 2M NaOH solution for a further 24 h. An interambulacral plate was then removed from each sea urchin. A small section from this plate's equator was broken off and mounted on a slide then platinum-coated prior to examination under a Quanta eSEM. The undamaged face of each piece of test was examined under SEM, not the fracture line itself.
A series of images were taken across the face of the interambulacral plate and analysed using the particle analysis tool in ImageJ v. 1.44. Plate structure varied between the edge and centre of the plate, therefore any images containing edges were excluded from the analysis. One hundred non-overlapping quadrats (100 Â 100 mm ¼ 0.01 mm 2 ) were equally divided between the remaining images. Within each, the number of pores, the average pore size (+0.1 mm diameter) and the total pore space were measured using the particle analysis tool.
(c) Data analysis
All statistical analyses were carried out using R v. 3.0.2. To analyse sea urchin morphological attributes linear mixed models were fitted with random slopes and intercepts using REML. Test diameter nested within Site was a random factor, and Reserve (yes or no), Location (Leigh or Tawharanui) and Test diameter were fixed factors. Homogeneity of variance and normal distribution of each variable were visually assessed prior to analysis by plotting residuals against fitted values. We used an information-theoretic model selection approach and model averaging to determine the relative importance of main effects and interaction terms in explaining variation in crush-resistance, test thickness and spine length. We conducted 'all possible' combination model selection based on small sample corrected Akaike's information criterion (AICc) using the 'dredge' function in the R package MuMIn. All models within two AICc units of the best-fit model [34] were used to estimate the final model coefficients using model averaging [35] .
To analyse morphological attributes of juvenile sea urchins in the mesocosm experiment, linear mixed models were fitted with random slopes using REML. Bucket was treated as a random factor and food (þ or 2), predator (þ or 2) and test diameter were fixed factors. The same model selection approach as above was used to identify the main determinants of the morphological attributes of juvenile sea urchins.
Differences in growth and test microstructure of juvenile sea urchins were analysed using two-way ANOVA. The factors for this were food (þ or 2) and predation cue (þ or 2).
Results (a) Morphological variation in sea urchins
All of the best-supported models for crush-resistance included Location, Reserve and Test diameter (table 1) . Crush-resistance of sea urchins increased with test diameter, and was higher in individuals from marine reserves than those from fished reefs by an average of 13.4 + 5.0 (s.e.) kg (figure 1a,b and table 1). There was also some support for an important interaction between Location and Reserve (table 1, included in four models and RVI ¼ 0.62), and the effect of Reserve on test strength was greater at Leigh (16.4 + 5.3 kg; t ¼ 3.1, p ¼ 0.021) than Tawharanui (7.0 + 2.1 kg; t ¼ 3.10, p ¼ 0.017).
Test thickness also increased with size ( figure 1c,d) . The best-supported models all included Location, Reserve, Size and Location*Reserve (table 1) . Sea urchins inside the marine reserve at Leigh had thicker tests than similar-sized individuals on the surrounding fished reefs (by 0.23 + 0.07 mm; t ¼ 3.3, p ¼ 0.016), but there was no difference in test thickness between sea urchins inside and outside of the marine reserve at Tawharanui (t ¼ 1.1, p ¼ 0.305).
Spine length increased significantly with test diameter (figure 1e,f and table 1). Spine length did not vary significantly with reserve status or location.
(b) Induction of putative defences
The effect of food on juvenile sea urchin growth was not quite significant at the a ¼ 0. figure S3 ). For crush-resistance both food and predation cues interacted significantly with test diameter and were included in all of the best-supported models ( figure 2a and table 2) . At large sizes urchins with food and with predator cues were more crush-resistant. Food had a greater effect than predation cues on overall crush-resistance as indicated by the 2.4 times larger slope coefficient for food*test diameter ( figure 2a and table 2) .
For test thickness the interaction between predation cue and test diameter was included in all of the best-supported models ( figure 2b and table 2 ). When predator cues were present large urchins tended to have thinner tests than when there was no predation cue. Food did not have a significant effect on test thickness.
The best models for spine length all included interactions between test diameter and both food and predation cues ( figure 2c and table 2 ). Larger sea urchins in both food and predation cue treatments tended to have longer spines than when predation cues or food were not present. The coefficient for the food*test diameter interaction was 1.8 times larger than the predator*test diameter.
Pore density did not differ significantly between the four treatment groups (figure 3a), regardless of food ( At the level of individual sea urchins, crush-resistance was negatively related to total pore space, while there was no significant relationship between crush-resistance and test thickness (electronic supplementary material, figure S4 ).
Discussion
We found that sea urchins inside marine reserves where predators and kelp were abundant had more crush-resistant tests than similar-sized individuals from adjacent fished coastlines where predators and kelp were rare. Results from the mesocosm experiment demonstrated that food availability was the main determinant of crush-resistance, with predation cues having a weaker effect. This indicates that the greater crush-resistance of sea urchins in marine reserves is not primarily a direct response to predation as previously suggested [16] , but instead is mostly an indirect effect whereby the presence of predators leads to greater food availability through a trophic cascade. In the marine reserves examined in this study a trophic cascade has been clearly demonstrated [23, 26] , and recent research has further demonstrated that behavioural changes of sea urchins (to a more crevice-dwelling lifestyle) in response to predators contribute to this trophic cascade [17] . While a reduction in feeding rates due to a 'fear effect' on foraging behaviour can to lead to passive development of morphological defences in some prey species [36, 37] , this mechanism is unlikely to generate stronger tests in sea urchins, which typically weaken when food is limiting ( [14, 24, 25] ; this study). Furthermore, while sea urchins are more likely to be restricted to crevices in the presence of predators, kelp was highly abundant on the surrounding reefs [17] and sea urchins have frequent access to drifting kelp fragments [38] . To our knowledge, this is the first example of mechanical strength being induced indirectly by predators through a trophic pathway that increases overall food availability. (We follow Bourdeau [37] in using the term 'induction' to describe both direct and indirect routes through which predators strengthen putative prey defences.) In our study, all sizes of sea urchins inside marine reserves had more crush-resistant tests than comparably-sized individuals on fished reefs. Predatory fishes often attack sea urchins by biting down on the test until it cracks open [23, 39] , so greater resistance to crushing should make sea urchins less vulnerable to predators [39] . Most studies on the induction of morphological defences in benthic invertebrates have been on gastropod and bivalve molluscs, and the inference that the induction of thicker and/or stronger shells confers some protection against crushing predators is often assumed rather than tested (e.g. [40, 41] ), but there are some experimental demonstrations (e.g. [42, 43] ). While we have not experimentally tested this, crush-resistance may be particularly important for small sea urchins, which are generally more susceptible to predation than large individuals, as they are easier to break open [44] . It is important to note that some predators such as larger lobster penetrate the sea urchin through the peristomial membrane [9] , so increased crush-resistance alone would not necessarily reduce vulnerability to these predators.
To provide effective protection the sea urchin test must be able to absorb and resist static loads [10] , and its strength is usually related to its thickness and porosity [45] . In our six-month-long mesocosm experiment the induction of crushresistance in juvenile sea urchins through the provision of additional food was mainly due to the infilling of pores, rather than thickening of the test wall. Test thickness was not related to food addition and in fact was greater in the absence of predators. Furthermore, our field survey only found that sea urchin tests were thicker in one of the reserves examined (Leigh) compared to fished sites. These contradictory results for test thickness suggest that test thickness on its own is not a good proxy for overall strength. Indeed, examination of the porosity of the juvenile sea urchin tests indicated that greater strength was achieved through production of denser rather than thicker tests. The relatively weak induction of crush-resistance in response to predation cues in the mesocosm experiment could not be attributed to either an increase in test thickness or the infilling of pores.
In our mesocosm experiment greater food availability resulted in longer-spined individuals, as indicated by the significant food*test diameter interaction. Longer guard spines have been suggested to help protect against predators [9] and sea urchins that lose their guard spines are more susceptible to predation than sea urchins with a full armament of guard spines [46] . There was also a significant interaction between sea urchin size and predation cues in the mesocosm experiment, with larger urchins developing longer spines in the predation cue treatment. While these results suggest that sea urchins may make some investment into developing longer spines when faced with increased food availability and heightened predation risk, there was no difference in spine length between sea urchins collected from reserve and fished reefs. Longer spines are also known to be beneficial for food acquisition [11] , and may therefore be expected as an adaptation to rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171440 food limitation. This was not apparent in our study, suggesting that generating longer spines is energetically uneconomic when food is limiting. Inducible prey defences are usually considered to be a direct response to the presence of predators, but there is increasing awareness that defences may be induced through indirect mechanisms [2] . While previous studies have shown that changes in foraging activity in response to predators can indirectly induce morphological defences in prey (e.g. [36, 37] ), to our knowledge the present study provides the first example of predators indirectly inducing morphological defences in prey by increasing the amount of food available to individual prey via a trophic cascade. Access to food resources is fundamental for developing morphological defences, whether these are actively induced [47] , or arise incidentally in response to food supply. In the latter case, greater mechanical strength in well-resourced individuals may be a by-product of starved individuals having less resources to allocate to 'normal' growth rather than a direct response of well-fed individuals to the threat of predation. For example, crush-resistance of shells in the freshwater snail Mexipyrgus churinceanus is more strongly correlated with the local abundance of a food plant containing materials necessary for shell construction than it is with predation pressure from fish [48] . Therefore, when predators indirectly increase the per capita availability of food to prey, such as through trophic cascades or predation on competitors, prey vulnerability to predation may be reduced due to increased allocation of resources to defences, as we have shown for sea urchins. Similarly, greater food availability may lead to reduced predation risk by increasing body condition and growth rates (e.g. [49] ). Indirect induction of morphological defences in prey, mediated by the effect of predators on food availability, may therefore represent an important and previously overlooked mechanism in food webs.
While predators may reduce the abundance or alter the behaviour of prey through trophic cascades [23, [50] [51] [52] , the increased food availability for surviving prey may have a range of benefits including reducing vulnerability to predation. Therefore, indirect induction of morphological defences likely represents an important mechanism in promoting coexistence of predator -prey systems [53] and food chain stability [54] .
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